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ABSTRACT 
Few contributions are available concerning the effect of interfacial properties on the behaviour of retrofitted 
beams using fibre reinforced polymers. In this paper, finite element analyses of the test specimens from 
literature were carried out to investigate the effect of interfacial parameters such as, fracture energy, local 
shear stress and interfacial stiffness on the retrofitted beam performance. Results from the analyses reveal that 
the load-carrying capacity is significantly influenced by interfacial parameters, fracture energy, local shear 
stress and interfacial stiffness. Higher shear stress and fracture energy increase the composite action by 
increasing the maximum load and delaying debonding. The stiffness of the FRP-concrete interface was found 
to influence the load-carrying capacity and axial strain in FRP. The axial strain in FRP increases by 
increasing the stiffness of the FRP-concrete interface.  
KEYWORDS: Fibre Reinforced Polymer (FRP), Strengthening, Interfacial stiffness, Cohesive 
model, Fracture energy, Finite Element (FE). 
 
INTRODUCTION 
 
The interface between the Fibre Reinforced 
Polymer (FRP) and concrete plays a significant role in 
keeping integrity of the FRP-concrete system. 
Debonding is the critical problem associated with 
retrofitted structure using FRP and it prevents the full 
utilizing of FRP. Debonding occurs due to stress 
concentration at different places. 
Several types of failure modes have been observed 
in retrofitted RC structures. Concrete failure modes 
include compression failure before or after steel 
yielding and shear failure due to shear cracks that 
extend from the vicinity of the support. FRP rupture 
failure can also occur before and after steel yielding. 
The last failure type is debonding of the FRP plate due 
to stress concentration at the end of the FRP plate or at 
the bottom of a flexural or shear/flexural crack in the 
concrete member (Esfahani et al., 2007; Ashour et al., 
2004). 
A large number of bond tests for the FRP sheet-
concrete interfaces under shear have been carried out in 
the past decades. Test methods include single lap 
pullout test method (Chajes et al., 1996), double lap 
pullout bond tests (Sato et al., 2001) and bending tests 
(Lorenzis et al., 2001). 
A local bond–slip model is appropriate to measure 
bond performance. A local bond–slip relationship is 
independent of geometric conditions. A great deal of 
research has been carried out on bond–slip 
relationships of FRP plate bonded to concrete (Focacci 
et al., 2000; Nakaba et al., 2001; Yuan et al., 2004; Lu 
et al., 2005; Pham and Al-Mahaidi, 2007). However, 
the issues on how to improve the interfacial load 
transfer performance should have more concern. Still 
the information on how interfacial properties affect the 
strengthening capacity is not completely understood. 
To help overcome this drawback, this study looks into Accepted for Publication on 19/12/2012. 
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clarifying the interfacial properties effect on FRR-
strengthened structural element using finite element 
model (FEM). Numerical modelling using the finite 
element method is a very powerful tool for performing 
parametric studies in order to improve understanding of 
physical phenomena, like, for example, debonding in 
FRP reinforced concrete structures. 
 
DESCRIPTION OF SPECIMENS 
 
Experimental data was obtained from a previous 
research project (Yao et al., 2005; Woo and Lee, 2010) 
and from a literature review (Mazzotti et al., 2008). A 
total of six prisms, strengthened with FRP, were 
selected for comparison with the numerical results.  
Series A corresponds to prisms tested by Yao et al. 
(2005). The experimental program involved 72 
specimens with a total length of 350 mm to investigate 
the effects of the above-mentioned factors on the bond 
strength. Two of these specimens were used in this 
study. Taken into consideration are the length of FRP 
and the height of concrete free edge. Concrete prisms 
used were 150 mm wide and of 150 mm total depth. 
The thickness of FRP was 0.165 mm. The average 
concrete strength was 23 MPa. The tensile strength and 
modulus of elasticity of the FRP plates were 4,114 
MPa and 256 GPa, respectively. Series B corresponds 
to prisms tested by Woo and Lee (2010). They studied 
the effect of FRP-plate length on the bond strength. 
Their study involved four specimens with a total length 
of 200 mm. The average compressive strength obtained 
was 30 MPa. Unidirectional FRP plates with 1.4 mm 
thickness were used in this investigation. The 
manufacturer reported an ultimate tensile strength of 
2,850 MPa and an elastic modulus of 152.2 GPa. Series 
C corresponds to prisms tested by Mazzotti et al. 
(2008). The cross-section of each specimen was of 150 
mm width, 200 mm depth, and it was 600 mm long. 
The compressive strength of concrete was 52.6. FRP 
plates were used with 50 mm width and 1.2 mm 
thickness. The modulus of elasticity of the FRP plates 
was 195.2 GPa. Material properties are presented in 
Table 2. Details of the testing program can be found in 
(Yao e al., 2005; Woo and Lee, 2010; Mazzotti et al., 
2008). 
The fibre reinforcement was applied to one side of 
the prism. The bonded length of fibre reinforcement on 
each side is shown in Table 1, for each experimental 
work. The reinforcement was made by a single layer of 
FRP plate. The prism was connected to the machine 
through a steel frame. Strain gauges were mounted on 
the fibre reinforcement on the bonded length. 
Geometric properties and mechanical properties of 
these specimens are shown in Figure 1, Table 1 and 
Table 2. 
 
MODEL DESCRIPTION 
 
Finite element analysis was performed to model the 
non-linear behaviour of the prism retrofitted with FRP-
plate. The FEM-package ABAQUS/standard 2000 was 
used for the analysis. 
 
Concrete 
The damage plasticity concrete model in 
ABAQUS/Standard 2000 assumes that the main two 
failure mechanisms are tensile cracking and 
compressive crushing. Under uniaxial tension, the 
stress-strain response follows a linear elastic 
relationship until the value of the failure stress, ft, is 
reached. The failure stress corresponds to the onset of 
micro-cracking in the concrete material. Beyond the 
failure stress, the formation of microcracks is 
represented macroscopically with a softening stress-
strain response. Some experimental parameters are not 
always available in the literature, alternative 
procedures are required. The concrete tensile strength, 
ft, and elastic modulus were estimated from Eq. (1) and 
Eq. (2) (ACI, 2008), while the concrete fracture energy, 
Gf (N/m), was estimated using Eq. (3) (Beton, 1993), 
where f  (MPa) is the concrete compressive strength. 
Once these parameters (ft, Gf) have been determined, 
softening behaviour was modelled using Hillerborg 
(1985) bilinear curve between the tensile strength and 
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crack width. Then, the crack opening is calculated from 
the fracture energy. The tensile damage is specified by 
an assumed linear relationship between the tension 
damage variable dt and the crack opening δ. 
 
f = 0.35
f (1) 
 
 
E = 4700
f (2) 
 
 
G = G  f
′
10
.
(3) 
 
where Gis a constant value related to maximum 
aggregate size dmax. 
Table 1. Geometric properties of the specimens 
 
Series of 
Specimens 
Width of 
concrete 
(mm) 
Thickness 
of concrete 
(mm) 
Length of 
concrete 
(mm) 
Concrete 
free edge 
(hc) (mm) 
Width 
of FRP 
(mm) 
Thickness 
of FRP 
(mm) 
Length of 
FRP (mm) 
Max. load 
(kN) 
Series A         
A1 150 150 350 5 25 0.165 75 5.76 
A2 150 150 350 120 25 0.165 190 6.02 
Series B         
B1 200 200 500 140 50 1.4 250 26 
Series C         
C1 150 200 600 - 50 1.2 100 22.3 
C2 150 200 600 - 50 1.2 200 19.8 
C3 150 200 600 - 50 1.2 400 23 
 
Table 2. Mechanical properties of materials used 
 
  Series A  Series B Series C 
Concrete fc (MPa) 23 30 52.6 
 ft (MPa) - - 3.81 
 Ec (GPa) - - 30.7 
FRP Ef (GPa) 256 152.2 195.2 
 Gf 1.61 1.2 - 
 ff (GPa) 4.114 2.85 - 
 
Under uni-axial compression, the response is linear 
until the value of initial yield. In the plastic regime, the 
response is typically characterized by stress hardening 
followed by strain softening beyond the ultimate stress. 
The stress–strain relationship proposed by Saenz 
(1964) was used to construct the uniaxial compressive 
stress–strain curve for concrete. 
The degradation of the elastic stiffness is 
characterized by two damage variables, compressive 
damage variable, dc, and tensile damage variable, dt, 
assumed to be functions of the plastic strains, 
temperature and field variables. The damage variables 
can take values from zero, representing the undamaged 
material, to one, which represents the total loss of 
strength.  
 
Jordan Journal of Civil Engineering, Volume 7, No. 2, 2013 
 
- 149 - 
FRP Material 
The behaviour of FRP plates is assumed to be linear 
elastic isotropic until failure. The elastic modulus in the 
fibre direction of the unidirectional FRP material used 
in the numerical study was as the value in experimental 
works in literature, see Table 2.  
 
 
 
 
 
 
 
 
(a)Yao et al. (2005) and Woo and Lee (2010) 
 
 
 
 
 
 
(b)Mazzotti et al. (2008) 
 
Figure 1: Test setup 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Bond-slip relationship 
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FRP – Concrete Interface 
When debonding failures occur, they usually result 
from a shear failure of a thin layer of concrete adjacent 
to the adhesive. In order to represent this failure, an 
appropriate mesh size was used to capture this 
performance.  
The interface was modelled using a cohesive zone 
model. The exponential bond slip model (Lu et al., 
2005) was used. Figure 2 shows a graphic 
interpretation of traction-separation law written in 
terms of the effective traction τ and effective opening 
displacement δ. The initial stiffness  is defined as 
(Lu et al., 2005): 
 
K =  ! " "                                                               (4)  
where ti is the adhesive thickness, tc is the concrete 
thickness and Gi and Gc are the shear modulus of 
adhesive and concrete, respectively.  
The maximum shear stress, τmax, was obtained from 
Eq. (5) (Lu et al., 2005). On the other hand, the value 
of fracture energy is not determined in the experimental 
work. Eq. (6) (Lu et al., 2005) was used to determine 
this value for the numerical purpose. 
 
τ#$% = 1.5β&f                                                     (5) 
 
 
G = 0.308β&()f                                                (6) 
 
where; 
 
β& = 
*2.25 − b b- . *1.25 + b b- .-  
 
 
NUMERICAL ANALYSIS 
 
The four-node quadratic elements were used for the 
concrete and FRP. The eight-node 3-D cohesive 
elements were used to model the interface layer. The 
cohesive interface elements are composed of two 
surfaces separated by a thickness. The relative motion 
of the bottom and top parts of the cohesive element 
measured along the thickness direction represents an 
opening or closing of the interface. The relative motion 
of these parts represents the transverse shear behaviour 
of the cohesive element. 
 
 
 
Figure 3: Finite element mesh of specimens 
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(a) Series A-A1. 
 
 
(b) Series B. 
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(c) Series C-C1. 
Figure 4: FRP reinforcement strain distribution for the shape of bond-slip 
 
In this study, the total deflection applied was divided 
into a series of deflection increments. Newton method 
iterations provide convergence, within tolerance limits, 
at the end of each deflection increment. During concrete 
cracking and the ultimate stage where a large number of 
cracks occur, the deflections are applied with gradually 
smaller increments. Automatic stabilization and small 
increment time were also used to avoid diverged 
solution. In addition, an appropriate mesh size was used, 
see Figure 3. 
 
RESULTS 
 
Comparison between FEM and Experimental Work 
The finite element results were compared with the 
test results from the literature review (Yao et al., 2005; 
Woo and Lee, 2010; Mazzotti et al., 2008). One 
specimen was chosen to represent the result from each 
paper as shown in Figure 4.  
From the analysis results obtained by each model, 
there is small difference in maximum tensile force 
among the model and experimental work. The strain 
results were compared in three different load levels 0.2, 
0.6 and 1 of maximum loading level mentioned in 
Table 1, see Figure 3. It is shown that for all 
specimens, the finite element strain results are almost 
the same for model and experimental results. For the 
load levels under 0.2 of maximum load, before 
debonding occurs, there is almost no difference 
between the results from the model and experimental 
works. For the maximum load, there is a deviation 
compared to the test results of specimens from Yao et 
al. (2005), A1, Woo and Lee (2010), B1, and Mazzotti 
et al. (2008), C1, but the finite element strain results 
still compare well with test results. This means that 
after debonding, the difference exists due to the 
random appearance of local debonding. Nevertheless, it 
seems that the strain results obtained from models 
compare well with the test results especially in the 
lower load levels. 
 
0 10 20 30 40 50 60 70 80 90 100
0
500
1000
1500
2000
2500
Distance from the end of FRP plate (mm)
(µ
ε)
S
tr
ai
n
 i
n
 F
R
P
 
FEM
Exp.
0.2P
max
P
max
0.6P
max
Jordan Journal of Civil Engineering, Volume 7, No. 2, 2013 
 
- 153 - 
 
(a) Series A-A2, where Le=105 mm 
 
 
(b) Series B. 
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(c) Series C-C2 
Figure 5: Maximum load for various interfacial fracture energies 
 
Interfacial Fracture Energy 
This study focuses on how fracture energy affects 
strengthening behaviour. By fixing shear stress as 
calculated from Eq. (5), the effect of interfacial fracture 
energy is studied by varying it.  
Figure 5 shows the maximum load versus the 
fracture energy. The figure clearly shows that the 
maximum load increases with interfacial fracture 
energy. This can be attributed to the fact that large 
interfacial fracture energy yields to delay debonding, 
and thus more external work is required to create the 
interfacial debonding.  
Figure 6 illustrates the FRP strain distribution along 
the interface for all energy values at maximum load. 
The figure shows that higher interfacial fracture energy 
interfaces increase the utilizing of full potential of the 
strengthening system. It can be seen that the strain of 
the FRP increases noticeably with increasing the 
interfacial energy. This is attributed to the macro-
debodning that exists when employing low energy 
interfaces, and then the FRP plate debonds before it 
can maximize its strengthening potential. Therefore, 
higher energy interfaces are able to increase the 
utilizing of FRP in the strengthening system since the 
onset of debonding is delayed. 
 
Shear Stress 
The interfacial shear stress between the FRP and 
concrete plays a significant role in the bond between 
FRP and concrete. Therefore, the present study 
considered the interfacial shear stress. By fixing the 
initial interfacial stiffness and the interfacial fracture 
energy as calculated in previous studies available in the 
literature, the effect of local shear stress is studied by 
varying it: τ = 1, 3, 5, 7, 9 and 11MPa.  
As shown in Figure 7, a higher value of shear stress 
model provides a higher load than the other lower 
value of shear stress model. This may be attributed to 
the higher value of shear stress model being capable of 
delaying the initiation of debonding. 
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(a) Series A-A2, where Le=105 mm 
 
 
(b) Series B 
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(c) Series C-C2 
Figure 6: FRP strain distribution at maximum load for various interfacial fracture energies 
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(b) Series B 
 
(c) Series C-C3 
Figure 7: Maximum load for various shear stresses 
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(a) Series A-A1 
 
(b) Series B 
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(c) Series C-C3 
Figure 8: FRP strain distribution at maximum load for various shear stresses 
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(b) Series B-B1 
Figure 9: Maximum load for various values of interfacial stiffness 
 
Figure 8 illustrates the FRP strain development 
along the interface for the different shear stress models 
at maximum load. The findings show that the higher 
value of shear stress increase the rate of stress transfer 
along the interface (strain increase) and utilize the FRP 
material to a higher extent. The strain in the FRP plate 
of the 11MPa model is found to be greater than the 
other shear stress bond values. This may be attributed 
to the higher value of shear stress model being capable 
of delaying the initiation of debonding and thereby 
transferring more stress to the FRP plate.  
 
Interfacial Stiffness 
Interfacial stiffness is directly related to the 
properties of the adhesive, shear modulus and thickness 
of the adhesive in contact with the concrete and the 
initial layer of the concrete substrate. It has a direct 
influence on the load transfer efficiency between the 
concrete substrate and the FRP. For this reason, an 
effort was made to investigate its effect on 
strengthening. By fixing local shear stress and 
interfacial fracture energy, the effect of interfacial 
stiffness is studied by varying it: Ko= 25, 50, 100, 250, 
500, 1500 and 3000 MPa/mm.  
Figure 9 shows the maximum load versus interfacial 
stiffness. It can be seen that higher interfacial stiffness 
results in a higher load than lower stiffness. This is due 
to the fact that a low value of interfacial stiffness results 
in a slow stress transfer in comparison to higher 
stiffness. This enforces the concrete to carry a higher 
load level resulting in earlier formation of cracking, 
which leads to the initiation of debonding.  
As shown in Figure 10, a low value of interfacial 
stiffness results in low strain distribution. In other 
words, a low value of interfacial stiffness results in a 
low rate of stress transfer to the concrete (low stain in 
FRP). This leads to earlier formation of cracking in 
concrete and initiation of debonding. 
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(a) Series A-A1 
 
(b) Series B-B1 
Figure 10: FRP strain distribution at maximum load for various values of interfacial stiffness 
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CONCLUSIONS 
 
A finite element model accounting for material 
non-linearity has been developed and successfully 
verified against experimental work. A parametric study 
has been performed to study the effects of interfacial 
properties, fracture energy, local shear stress and 
interfacial stiffness. The following conclusions are 
drawn: 
• An increase in fracture energy always gives an 
increase in FRP utilization. The maximum load of 
strengthened prism increases with interfacial 
fracture energy. 
• Maximum load increases with increasing local 
shear stress. In addition, axial strain in FRP 
increases with increasing this parameter.  
• A high value of interfacial stiffness will give a 
maximum load. One reason for this is that a low 
value of interfacial stiffness results in a slow stress 
transfer in comparison to higher stiffness, where 
otherwise a larger part of the axial load will be 
carried by the concrete, which means that cracks 
will develop in concrete, which leads to the 
initiation of debonding. 
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